Compositional effects in Na x K 55-x alloy clusters have been studied using bond-orderlength-strength (BOLS) notation and density functional theory (DFT) calculations.
Introduction
Alloy nanoclusters are widely studied not only because of size effects but also because their physical and chemical properties are subject to compositional effects [1] .
Size effects influence the proportion of surface atoms with low coordination numbers, which in turn affects magnetic [2, 3] , thermal [4, 5] , catalytic [6, 7] , optical [8] and electronic properties [9] . However, the effects of compositional variations are not limited to the distribution of surface atoms, as is the case for size effects, but they also influence atomic arrangement within cluster nanomaterials [10] . In recent years, in order to understand the performance of nanoalloys at a fundamental level, a large number of experimental [11, 12] and theoretical [13] [14] [15] [16] [17] studies have been conducted. In particular, concerning the NaK alloy, Tchaplyguine et al. studied self-assembled clusters using X-ray photoelectron spectroscopy (XPS) [18] . Furthermore, Aguado et al. reported
global-minimum structures of 55-atom NaK alloy nanoclusters [19] . Extensive reviews have provided effective evidence for bulk-shell segregation in NaK nanoalloy cluster structures [20, 21] .
Atomic composition is affected by binding energy induced changes in geometric structure, energy density, charge transfer, atomic orbital hybridization, and bond strain in the alloy nanocluster [22] . It is desirable to understand which of the possible chemical ordering patterns-bulk-shell, onion layer, or random blend-is the most probable for a particular nanoalloy cluster. To understand chemical ordering or atomic coordination in nanoalloys [23, 24] , it can be helpful to analyze a series of compounds with similar geometric structures [25] . To this end, it is necessary to determine the trends of structural variations with chemical ordering.
In this report, we present compositional effects in 55-atom NaK nanoalloys based on the framework of BOLS notation [26] and DFT calculations. This approach allows us not only to reproduce the trend of composition with binding energy, but also clarifies the physical origins of the energy shifts associated with composition in nanoalloys. Further, it allows clarification of the atomic bonding and quantification of the bond energy ratio, coordination number, bond energy density, and local bond 3 strain values in these clusters.
Principles and methods of calculation

DFT Calculations
In this study, we used DFT to calculate the structures of Na x K 55-x alloy nanoclusters in which x, the number of Na atoms in the cluster, takes values from 0 to 55. We then selected several stable representative clusters from these screening results:
the Na 55 , K 55 , Na 7 K 48 , and Na 15 K 40 nanoclusters (Fig. 1) . These selected preliminary NaK nanoclusters were modeled using the Gupta potentials devised by André s Aguado, and optimized to obtain the structures with the lowest energy (global minimum energy geometries) [21] . The first-principles calculations were performed using the Vienna Ab initio Simulation Package code within the projector augmented wave method [27, 28] , employing Perdew-Burke-Ernzerhof pseudopotentials [29] . The energy cut-off for the plane-wave was set to 400 eV. Both force convergence thresholds (0.01 eV/Å) and an energy convergence criteria (10 -5 eV) were used to obtain the optimized geometries. The Brillouin zone was sampled at the Gamma-point only. We used cells with 15-Å vacuum spaces along the x, y, and z directions for all the calculated structures. The energy without entropy result from each DFT calculation and the corresponding Na x K 55-x cluster symmetry are given in Table 1 .
BOLS notation concept
According to BOLS theory, atomic undercoordination shortens and strengthens the remaining bonds between the undercoordinated atoms. Chemical bond shrinkage leads to localized atom charges and increases in energy density; the increase in bond energy is associated with the deepening of the local potential well and the shifting of energy levels. The following expressions summarize bond relaxation theory [26] : 
where C i represents the bond contraction ratio, d z is the bond length after atomic relaxation, and d b is the bond length for the atom in the bulk; E b represents the energy of a single bond of the atom in the bulk, and E z is the bond energy of a single bond for the surface atom. The coordination number of the surface atom is z and that of the bulk atom is z b ; z b = 12. The m is the bond nature index, and for metals, m = 1. These results reveal the changes in binding energy due to compositional effects. Fig.   2a shows that the Na 4 K 51 cluster has the largest Na 2p binding energy (-25.228 eV) and the Na 15 K 40 cluster has the smallest binding energy (-24.753 eV). For x = 0-4, the Na 2p binding energy shifts to more negative values with x in the Na x K 55-x alloy nanoclusters. For x = 4-15, the binding energy increases with x, shifting to more positive values with x. For x = 15-55, the overall trend in these nanoclusters is for the binding energy to shift negatively with x. These results are consistent with the trend of electron affinities and excess energy observed by Aguado et al [21] . Fig. 2b reveals that the Na 39 K 16 cluster has the largest K 3p binding energy (-15.803 eV), and the Na 13 K 42 cluster has the smallest binding energy (-15.523 eV). For x = 0-4, the binding energy shifts negatively with x, whereas for x = 4-13, the overall trend is for the binding energy to increase with x. For x = 13-54, the trend becomes positive once more, as binding energy shifts to more negative values with x. These results are consistent with the trends observed for the Na 2p binding energy values.
Results and discussion
Structural and BE shifts
Electronic properties
To analyze the effects of composition and structure on binding energy, we investigated the electronic properties of the clusters. We selected the Na 55 , K 55 , Na 7 K 48 , and Na 15 K 40 clusters and determined the density of states (DOS) to understand their electronic structure. Fig. 3 shows the Na 2p and 3p binding energies for the Na 55 , K 55 , Na 7 K 48 , and Na 15 K 40 clusters. In Fig. 3a , it is apparent that the Na 2p DFT-screening approach, therefore, can achieve energy results that agree with measurements of experimentally prepared alloy nanomaterials. 
represents the binding energy shift for an atom in the ideal bulk. Quantitative information on the bulk shifts ΔE v (12) of Na (2.401 eV) and K (2.754 eV) are available from the Na(110) and K(110) surfaces via XPS measurements [30] .
Using the bond order (z), length (d), energy (E), and nature (m) parameters, we can predict the bond energy ratio , bond energy density δE d , and local bond strain ε z as follows [31] : 
The bond energy ratio parameter,  , represents the change in bond energy or strength. densities. An increase in bond energy causes an increase in local bond strain and bond energy density, as illustrated in Fig. 5 . These results indicate that the composition and structure of an Na x K 55-x alloy nanocluster determines its binding energy shift.
Conclusion
We use first principles calculations to understand compositional effects in Fig. 1 Optimized structures of Na x K 55-x clusters determined using the initial configurations of André s Aguado and Gupta potentials [19] . Purple and light blue spheres represent Na and K atoms, respectively. Table 1 for selected Na x K 55−x clusters. Table 2 shows the derived information. 
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